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The pulsar radio emission mechanism remains an enigma since over half a century. A radiation 
process requires not only to explain the coherency and high degree of polarization of the emission, 
but also nanobursts, characteristic frequency of emission, and problems like “death line”, which can- 
not be well understood in the context of long standing cap models and recent models of magnetic 
reconnection. This article proposes a dynamo process in pulsar magnetosphere. Through centrifu- 
gal force the last closed magnetic field lines can be amplified to a critical value of, Br ~ 10°T, 
which triggers magnetic reconnection responsible for the instability required in coherent curvature 
radiation, so that a number of problems can be interpreted. The time scale of magnetic field pile up 
and relaxation can be short or long for young or old pulsars respectively, which naturally account 
for the diverse intermittencies exhibited in pulsars and FRBs. 


I. INTRODUCTION 


The bright radio pulse requires a coherent emission 
of in phased charges accelerated by the pulsar, so that 
N charges radiating N? times the power in spontaneous 
emission per single charge. 

There are two major coherence mechanisms, maser and 
antenna mechanisms|1—4], which adopt a secondary pair 
plasma and place the origin of the pulsar radiation in the 
inner region of the magnetosphere. The antenna mech- 
anism involves a bunch of particles with enhanced the 
power emitted spontaneously; and maser mechanism re- 
quires a negative absorption. 

However, they all require a certain kind of plasma 
instability. Whereas, no mechanism exists that is fast 
enough to create the bunches and to maintain their shape 
for sufficiently long times [5]; despite coherent curvature 
emission (CCE) being a widely favoured as the pulsar 
radio emission mechanism. 

On the other hand, the global solution for force free 
magnetospheres was obtained using various numerical 
techniques [6-9], assuming that the only surviving com- 
ponent of electric field is that perpendicular to the mag- 
netic field[10]. 

Although remarkable progress have been made in re- 
cent years, on simulations of magnetospheric current 
sheet and reconnection responsible for coherent emission 
mechanism, i.e., radio emission from the Crab and other 
pulsars with high magnetic field at the light cylinder [11-— 
14]. However, one cannot regard such solutions as com- 
pletely realistic, since various artificial procedures are re- 
quired to keep the codes, which affect strongly the be- 
havior of the equatorial current sheet, and subsequent 
dissipation through magnetic reconnection|[9]. 

On the other hand, the force free solution actually cor- 
responds to the state of minimum global magnetic en- 
ergy, which can be obtained by minimizing the global 
magnetic energy W = fy B’dV while keeping the global 
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magnetic helicity, H = fy A-BdV constant[15]. In Tay- 
lor’s conjecture, the magnetic field configuration formed 
as the end-state of a turbulent relaxation process is one 
for which the magnetic energy is minimized with the ra- 
dial profile of parallel current tends to flatten[16]. 

In other words, dissipation process such as pair produc- 
tion, plasma acceleration and radiation are more likely 
exhibited in the dynamo process under the tension be- 
tween the global helicity density and local dissipation, 
rather than the state of minimum energy. 


There are some common challenges to both models of 
CCE at polar gap and radiation from reconnection at 
outer magnetosphere, i.e., pulsar radiation in over 5 or- 
ders of magnitude in rotation period and 6 orders of mag- 
nitude in magnetic field, producing more or less similar 
emission characteristics, over a very broad-band emission 
from ~ 10MHz-100 GHz. In particular, the discovery of 
a highly magnetized, 75.88 s period, radio-emitting neu- 
tron star, PSR J0901-4046, located beyond the “death 
line” as defined by[2, 17], challenges the polar cap mod- 
els demanding a sufficient electric field parallel to mag- 
netic field; and also the reconnection induced radiation 
requiring strong light cylinder magnetic field [18]. 

Furthermore, recent observations show that a pulse 
profile actually built up a large number of localized, 
transient events, which are described as: intermittency, 
fine structures, discrete emissions, short-lived emission 
centers, microstructure and nanoshots[19]. Such mi- 
crostructure is too rapid to be caused by propagation 
through turbulence in the Crab nebula or in the inter- 
stellar medium[20], which becomes more severe in the 
case of nanobursts[21]. Those bright nanobursts must be 
coherent, radiating in characteristic emission frequency, 
and then passing through a highly transparent medium to 
avoid being thermalized[22]. Those microstructure and 
characteristic frequency may provide clue to the origin of 
CCE. 


This paper suggests a dynamo process occurring in pul- 
sar magnetosphere, the resultant reconnection near light 
cylinder naturally provides seed of instability expected 
by CCE. The arrangement is as follows. 


In Section (II) the pulsar spin gives rise centrifugal 
force driving plasma of closed field lines toward the light 


cylinder radius. As a result, the equatorial branch of the 
Y-shaped current layer becomes so compressed that that 
a rapid magnetic reconnection is triggered through chain 
of plasmoids, which leads to pair production and Alfven 
wave (AW). In Section (III), the ejected relativistic par- 
ticles in phase with AW drift along magnetic field of open 
field lines giving rise to coherent curvature emission re- 
sponsible for observation. Section (IV) discusses circuit 
closure and the origin of orthogonal polarization mode 
(OPM). Section (V) applies the dynamo model to vari- 
ous sources, typical pulsars, Rotating Radio Transients 
(RRATs) and Fast Radio Bursts (FRBs). 


II. THE CRITERIA OF MAGNETIC FIELD 
AND RECONNECTION 


The interaction of global helicity density and local 
dissipation of the pulsar magnetosphere resembles that 
of the solar dynamo, which can be simplified into two 
regeneration mechanisms. Firstly, differential rotation 
stretches out an initially poloidal field generating a 
toroidal component (the w-effect); and secondly the “rise 
and twist” motion of cyclonic convection generates small- 
scale meridional loops from an initially toroidal field (the 
a-effect). 

Such an oscillation between toroidal and poloidal field 
can be simplified by a poloidal field of rotational sym- 
metry, under a differential rotation, w(r,0) = w(r°, 6°), 
drawing out the lines of force along circles of latitude and 
thus producing a toroidal field [23], 


Bg = (0¢/0r°)B, + (0¢/r° 00°) Bo (1) 


Ignoring the radial component at right hand side of Equa- 
tion (1), it can be further simplified, 
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where r°00° ~ 6 can represent the thickness of the apex 
of the last closed field line near the light cylinder as shown 
in Figla. The deformation of field line can be described 
by a rotation angle, ¢ = ¢t, which indicates an increase 
of toroidal field by ¢?[23}. 

Such a dynamo amplification of magnetic energy in- 
evitably reaches a point where the plasma flow will no 
longer be able to deform the magnetic field. Such a turn- 
ing point is defined as the equipartition field strength 
(Br), at which the magnetic energy density becomes 
equal to the kinetic energy density of the flow, i.e., 
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where uo is the magnetic permeability. Such a turning 
point stemming from differential rotation in solar dy- 
namo has a simple replacement in the pulsar magneto- 
sphere, the centrifugal force due to pulsar spin. 


As particles in the polar cap of a pulsar are accelerated 
outwardly by a large unshielded parallel electric field[2], 
particles of opposite signs are trapped in corotating re- 
gions near the equatorial plane[22, 24], which results in 
an oblique dome-disc particle distribution, with negative 
particles escaping from both polar caps and positive ones 
trapped at disc region [25]. Such models would cause 
a long standing problem that is a charged star surface 
preventing radiation from possible[26]. Whereas, taking 
into account of the centrifugal force, such “disc plasma” 
trapped in closed field lines can be driven toward the light 
cylinder and eventually contributing to pulsar wind. 

As a result, the strength of light cylinder magnetic 
field is enhanced significantly, which triggers magnetic 
reconnection at outer magnetosphere region and resulting 
in pulsar emission. The process of twisting up the last 
closed field lines and energy relaxation repeat, so that 
the new last close field takes place of the previous one at 
the cost of both the rotation energy and magnetic energy 
of the pulsar. 

Such a marginal stable process near the last closed field 
line or the separatrices can be described by the equation 
of motion of magnetohydrostatics, 


dv r 
P= VP +i x B+ ps (3) 
where the current, j = V x B/y, can be simplified by 
jy = wA N T (where 6 is the thickness of the current 


layer) in the Cartesian coordinate as shown in Figla. 

The centrifugal and gravitational acceleration on a par- 
ticle, a = v?/R and g = GM/R?, are balanced at a ra- 
dius of Rè = GM/w?. With Ri. = c/Q denoting the 
light cylinder radius, the centrifugal force overwhelms 
the gravity in the case of R > 10-! Ri. for millisecond 
pulsars; and R > 107?R;e for normal pulsars. 

As the closed field lines where plasma frozen in are 
driven towards the light cylinder, Equation (3) is domi- 
nated by pv?/R = |jx B|. In other words, the centrifugal 
force is balanced by the magnetic tension near light cylin- 
der, 
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where me and e are mass and charge of an electron, v’ 
is the speed of charge corresponding to the current jy, 
paralleling to the thickness direction, 6, of the current 
layer as shown in Figla (L and b are the length and 
width of the current sheet). The global magnetospheric 
simulations[14] show two branches of thick Y-shaped cur- 
rent sheet connecting with a thin equatorial sheet where 
reconnections proceed. By Equation (4), the thickness of 
the equatorial layer, ô, simply stems from the centrifugal 
force. 

Interestingly, Equation (4) derived from the balance 
of force yields, B?/j19 = pv”, which is equivalent to the 
balance of energy density occurring in dynamo activity 
as shown in Equation (2). 


The tension of Equation (4) breaks when the velocity 
in the rest frame of pulsar magnetosphere approaches 
U = Vam ~ C, Where Vam is the plasma speed along the 
Archimedes line as shown in Figla. As a result, Equation 
(4) can be further simplified by a critical magnetic field, 
an 3 Y 1 a aaae 1 
Br ~ 10 zg ~ S (5) 
In case of a velocity of current flow of v’ ~ 10°m/s, 
the apex of last closed field lines has a thickness of only 
ô ~ 1072m, which corresponds to a magnetic field much 
greater than that of the light cylinder one, Br > Bi, 
where Bie = B.(¥)°. 

While the critical field of, Br ~ 10*T, is still much 
weaker than that of the pulsar surface one, B,, so that 
the strength of the three fields are related by B, > Br > 
Bie. The reconnection of a plasmoid at the critical mag- 
netic field, Bp ~ 10*T, corresponds to an energy density 
of, 
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which is sufficient not only producing pairs of energy, 
2m,c’, but also accelerating electrons of a number den- 
sity of ne ~ 10?4m~ to relativistic speed of Lorentz 
factor, y ~ 10?. 

On the other hand, the magnetic diffusion at the crit- 
ical magnetic field, Br, can invoke a magnetic tension 
which results in a AW propagating along the field lines, 
Such a process can be investigated simply by the combi- 
nation of equation of induction, 

OB 

Ot 
and equation of motion of Equation (3) simplified as 
p% = jx Bo, where with the magnetic diffusivity, 7; and 
Bo is the background magnetic field at the reconnection 
site satisfying Bo ~ Br in a marginal stable state. 

Under the usual wave assumption, 
exp(—w,;t)exp(iw,t), a simple dissipation relation is 
obtained|26], 


Vv x (v x Bo) + 7V?B (7) 
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where v4 is the Alfven speed, and Rm = Lva/n is the 
magnetic Reynolds number, and L is the length of current 
sheet at the reconnection site. 

The current sheet formed by trapped plasma can be 
fragmented into a chain of rapidly growing secondary 
magnetic islands or plasmoids, with the smallest elemen- 
tary current sheets, of size 6, as shown in Equation (5), 
so that the equivalent length of current sheet becomes 
L x ô in Equation (8). 

A distribution of such a relativistic particles inter- 
act with a distribution of waves leading to the slosh- 
ing about of particles in the waves, and resonant wave- 
particle interactions[26, 27]. Therefore, once a plas- 
moid gets reconnected at the apex of the last closed 
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fields, the magnetic Reynolds number of Equation (8) 
becomes Rm ~ vað/n, which leads to AW of wave length 
A ~ ô ~ 1072m. 

Splitting w of Equation (8) into a real wy and imaginary 
wi, the wave frequency, wr % kva, corresponds to a time 
scale of, 
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And the damping of such an AW is determined by w; = 
—kva/(2Rm), so that 
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Consequently, Equation (9) and Equation (10) predict 
a wave train of length, s ~ tj¢ ~ 2 x 1071m, a wave 
number of, k ~ 1/5 ~ 107, and hence, ks ~ 20 > 1, 
which corresponds to a GHz nanoburst of short frequency 
range, Aw/w = (w2 — w?)1/?/w, œ 0.03, comparable to a 
typical FRB. 

The reconnection determined by Equation (9) and 
Equation (10) alway takes place at the apex of the last 
closed field lines which can be achieved by a new last 
closed field line denoted by (2) catching up the old one 
(1) as shown in Figla. 

The duration of a microstructure much shorter than 
a nanoburst is constrained by both the characteristic 
frequency of GHz and the coherent condition, ks > 
1. Therefore, the characteristic frequency of GHz, 
nanoburst, the critical magnetic field, as well as pair pro- 
duction as shown in Equation (5) are closely related in 
the context of reconnection induced radio emission. 

The particles and waves stemming from the magnetic 
reconnection at the critical field, Br, can undergo reso- 
nant wave-particle interaction, 


w—-k-v=0, (11) 


in an unmagnetized plasma. 

The feedback between the AW field and particle bunch- 
ing resulting in a unison growth of them, which is equiv- 
alent to a reactive instability expected in models of co- 
herent emission. 


II. CCE 


The bunch in phase with AW leads to a CCE. The 
energy radiated per unit solid angle per unit frequency 
interval from a bunch with volume V and number of Ne ~ 
neV particles drifting along a curved field line[28], 
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where F,,(N.) is a dimensionless parameter denoting the 
enhancement factor due to coherence defined, 


F(N) = |ENeriemArs/e)2 (13) 


where, n, is the unit vector to the observer, and Ar; is 
a section of the bunch length Lee. The emission of such 
a bunch could be coherent only if all such small sections 
are in phase, with each small section of size Ar; < A. 
Such a phase relationship required in small sections of a 
bunch is difficult to achieve in the usual bunch models. 

While the reconnection induced pairs and AW, with 
resonant wave-particle interactions automatically gives 
rise a coherent bunch responsible for coherent emission. 
Because it allows the growth or damping of wave, and 
the scattering and acceleration of particles, so that the 
particle sees the electric field of wave as static fielding its 
rest frame[26]. 

As a result, an AW of wave length, \ ~ 1x 107?m, and 
a coherent length cr; ~ 20A corresponds to a coherent 
bunch of length comparable to that of the wave train, 
Lue ~ X, Ar; ~ 20. Then simply applying the half 
wave superposition, the enhancement factor of such an 
in phased bunch becomes F,,(N.) = N2, responsible for 
the emission of a coherent nanoburst. 

The fast reconnection of a plasmoid occurring at the 
apex of the last closed field line produces a nanoburst as 
shown in Figla. Such a process is replaced by a new last 
closed field lines and a new nanoburst... The swing of 
those nanobursts through a pulse window results in the 
single pulse of a pulsar, with an enhancement factor of 
Equation (13) of, 


Fo(Ne, N) = NN? (14) 


where Ne and N are number of particles in a nanoburst 
and number of nanoshots in a single pulse respectively. 
This explains why the single pulse of a pulsar appears 
much dimmer than a nanoburst. 

This provide a concrete mechanism to the 
speculation[21] that: microbursts are incoherent 
superpositions of short-lived narrowband, nanoshots, 
and all microbursts are clumps of nanoshots. In such 
a case, the broadband of each such microburst can 
be interpreted by widening the frequency range of the 
centre frequencies of the nanoshots (each with a very 
short frequency range as shown under Equation (10)) in 
a microburst[21]. 

Twisting magnetic field to the critical level, Br, near 
the light cylinder can invoke rapid magnetic reconnection 
well accounting for coherency, microstructure, character- 
istic frequency of GHz of radio emission of pulsars. 

To allow the AW propagate through plamoids, the 
plasma frequency must be lower than that of the charac- 
teristic frequency of 1GHz, 
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which in turn demands, ne < 3 x 10?4m~3. Notice the 
plasma frequency above is much greater than the cy- 
clotron frequency, wp > Wey ~ eBr/(mec) ~ 10°Hz. 
Substituting such a limit on particle density into the con- 


straint of Equation (6), the Lorentz factor is required to 
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be y = 3 x 107. In other words, the energy dissipation 
through reconnection at the critical magnetic field, Br, 
can both produce and accelerate pairs of number den- 
sity of ne < 3 x 1074m7° to relativistic speed of Lorentz 
factor, y = 3 x 10?, which form a coherent bunch and 
resulting in coherent curvature emission through subse- 
quent interaction with the flux tube formed by open field 
lines. 

Pairs ejected from the reconnection site drift along a 
flux tube formed by open field lines as shown in Fig] at 
speed Vam ~ C in the rest frame of the pulsar magneto- 
sphere, such relativistic plasma can give rise to curvature 
radiation of effective frequency of 
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which corresponds to a power of coherent curvature 
radiation[29] , 


~ 1GHz (16) 
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where Ne = n,V is the number of charged particles con- 
tained in a bunch of volume, V. It worth mention that 
the velocity of the emission site is v © Vam — QRic % 0 in 

the laboratory frame. 

The interacting of the coherent bunch of length, Len ~ 
20A with open magnetic field line of curvature radius, 
p ~ Ric, corresponds to a spread angle of, 0 ~ Len/ Ric ~ 
1078, the misalignment angle between the front and end 
of a bunch emitting radio waves tangentially to the field 
lines, which is much less than the angle of emission cone, 
1/7 ~ 107? with y ~ 100 denoting the Lorentz factor of 
plasma. Consequently, the coherency of each nanoburst 
is ensured, while different nanobursts can be incoherent 
as they swing through the line of sight. 

Moreover, bunch models suffer from other problems 
like: the growth of the instability is not fast enough; and 
velocity dispersion resulted random-phase rather than 
phase coherent ones[27]. Again the new scenario provides 
both fast instability and limited velocity dispersion. Be- 
cause the balance between the centrifugal force and the 
magnetic tension breaks at the critical magnetic field, 
Br, the resultant magnetic reconnection is triggered at 
the apex of last closed field lines with a layer thickness, 
ô ~ 10-?m, corresponding to a fast instability of fre- 
quency of GHz. Furthermore, such a AW with has very 
limited frequency dispersion as shown in Equation (9) 
and Equation (10), and hence limited velocity dispersion 
under the resonant particle-wave interaction. Therefore, 
the problems of coherent emission by bunch can be solved 
in the new scenario. 

On the other hand, as the reconnection always takes 
place at the apex of last closed field line, the subsequent 
radiation should propagate in the flux tube of open field 
lines with much lower particle density than that inside 
the current layer. Such a “density cavity” like envi- 
ronment deviates from models of reconnection by coa- 
lescence of magnetic islands in the current sheet, where 


Poy = (17) 


magnetic perturbations should propagate in the dense 
current sheet[18]. 


IV. CIRCUIT AND OPM 


At the reconnection site, both the outflow and inward 
beams are accelerated by the reconnection electrical field 
near X line. The presence of guided field in the X line re- 
gion of the reconnection site leads to strongly field aligned 
distribution of beams of electron and positron[30]. One 
pair of electron and positron return to the pulsar sur- 
face directly along separatrices of the X line, as shown 
in Figlb. And the other pair of energetic electron and 
positron beams move along opposite pair of separatrices 
of the X line away from the reconnection site, giving rise 
to coherent radiation and eventually contributing to the 
pulsar wind. 

The internal electric field causes a structure of dome- 
disc charge in which particles of the same sign escape 
from both polar caps, and particles of opposite signs 
are trapped in corotating regions near the equatorial 
plane[22, 24], as shown at bottom of Figlb. In the new 
scenario, the trapped disc charge is driven toward the 
equatorial sheet by centrifugal force which triggers mag- 
netic reconnection and generates pair production. The 
resultant return plasma drifting along the separatrices to 
the pulsar surface as shown in bottom of Fig1b. 

As shown at bottom right of Figlb, one beam of return 
positrons would be neutralized by the negative charge at 
dome. In contrast, the other beam of return electrons as 
shown in bottom left of Figlb, would provide extra neg- 
ative charges at this pole which would distributed evenly 
two domes by the internal electric field of the star[22, 24] 
as shown at bottom right of Figlb, so that the original 
structure of dome-disc charge can be resumed. 

The charge neutrality of the pulsar is ensured, as long 
as (1) the loss of negative charge at domes toward the pul- 
sar wind is equivalent to the positive disc charge driven 
to the reconnection site; and (2) the return electrons and 
positrons are approximately charge neutral. This auto- 
matically results in a marginal stable circuit of the pulsar 
magnetosphere. 

In contrast, charge neutrality has been a problem in 
the case of disc charges trapped in the configuration of 
dome-disc charge[22, 24]. 

The circuit stemming from dynamo process in magne- 
tosphere is compatible with numerical simulations which 
exhibit that pair production can be triggered in the dif- 
fusing region, where half return to the pulsar surface 
along separatrices, and other half plasma eject out con- 
tributing to the pulsar wind[31]. 

One of the most fascinating features of pulsar radia- 
tion is the occurrence of OPM, i.e., the two electromag- 
netic waves with orthogonal electric vectors. The origin 
of OPM is still an open question. 

As proposed by Gangadhara[32] OPM can be produced 
by the relativistic positrons and electrons drifting along a 


curved magnetic field line, during which an electron and 
a positron would experience the centrifugal force Fo of 
identical direction; and the magnetic Lorentz force Fp of 
opposite direction. As a result, the sum of the two forces, 
Fc+ Fsg, on a positron is approximately perpendicular to 
that of an electron under the assumption of |F.| ~ |F| 
in magnitude. 

Differing from the OPM occurring by electrons and 
positron at the same curved field line[32], the configura- 
tion of the new scenario as shown in Figlb corresponds 
to a separated electrons and positrons on opposite po- 
larity of magnetic field lines, which results in opposite 
senses of gyration. As shown in Figlb, magnetic Lorentz 
force Fg of electrons and positrons are at opposite direc- 
tion, combined with the centrifugal (inertial) force Fo 
of same direction, the total force on an electron is ap- 
proximately perpendicular to that of a position, F,1F. 
corresponding to an orthogonal electric vectors, in the 
case of |F.| ~ |Fg|. Therefore, OPM is achieved natu- 
rally, which can account for the polarization states like 
PSR J0953+0755. 

The dynamo process in pulsar magnetosphere corre- 
sponding energy relaxation not only produces pairs but 
also accelerate them into relativistic speed, which natu- 
rally accounts for coherency, microstructure, character- 
istic frequency, density cavity, polarization, OPM, and 
circuit required in radio emission of pulsars. 


V. GLOBAL-LOCAL INTERACTION AND 
IMPLICATION TO PULSARS AND FRBS 


As shown in Section (II), folding up magnetic field to 
the critical amplitude of Br ~ 104T triggers magnetic 
reconnection resulting in subsequent coherent emission. 
This section further discusses the energy budget and re- 
sultant intermittency, as well as frequency-width relation 
and trombone on various pulsars and FRBs. 


A. The Crab pulsar and PSR J0437-4715 


For young pulsars, i.e., Crab pulsar with spin period 
P = 33ms, the surface and light-cylinder magnetic field 
are, B, = 4 x 10°T and Bie ~ 1 x 10?T respectively. 
Therefore, a number of pulsar spins of N ~ 30 can wind 
up the magnetic field to the critical value, Br ~ 10*T, 
corresponding to a magnetic energy of Ey = BRVy/p, 
where Vy ~ Ls LypLy. 

In the case of a current sheet length of Ly ~ 107? Rie ~ 
104m, width Ly ~ 107? Ly ~ 10?m, and thickness, Ls ~ 
107?Ly ~ 10°m, the magnetic energy pile up in 30 pulsar 
spins is read, 
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Transfer such an energy of global field into the recon- 
nection site at the apex of last closed field lines, plasma 


FIG. 1. A schematic configuration of the dynamo magneto- 
sphere. Panel a: pulsar spin deformed last closed field lines 
surrounded by flux tube of open field lines. Small circles de- 
note plasmoids inside the upper last closed field line, their 
reconnection gives rise to beams and waves. The geometry of 
current sheet at reconnection site is shown at bottom of the 
spiral. Panel b: reconnection site with guided field which sep- 
arates the electron and positron beams. The outward beams 
interact with the open field lines invoking coherent emission 
with an OPM polarity denoted by perpendicular direction of 
force on a positron Fp, and an electron, Fe. And the return 
beams contribute to the surface charge. Panel c: the return 
electron and positrons together with the dome-disc charge 
form a closure circuit. 


beams flow from the Y-shaped layer of volume, Vy into 
reconnection region of volume, Vrec ~ dbl, which corre- 
sponds to a suppression of current layer of Sweet-Parker 
satisfying mass conservation, 
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Accordingly, magnetic Reynolds changes from Rm ~ 
vaLy /n at Y-shaped current sheet to Rm ~ v4d/n at the 
apex of last closed field line, triggering a fast plasmoid 
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reconnection, with power read, Pr = <r dbuz, which can 
be rewritten as 
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(19) 
where v, ~ c is the drifting speed of plasma at the dissi- 
pation region observed at the rest frame of the spinning 
pulsar. While in the laboratory frame such a drifting 
velocity becomes, v % vz — QRi, & 0. In fact, the en- 
ergy relaxation of Equation (19) is similar to ballooning 
instability occurring in the near-Earth plasma sheet re- 
sulting in substorm expansion[33], which is supported by 
laboratory experiment[34]. 

The oscillation of pile up and relaxation of magnetic 
energy of Equation (18) and Equation (19) can be esti- 


mated as, 
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For some pulsars, like the Crab pulsar the times scale 
of such an oscillation can be accomplished in a second, 
N,P ~ 1s. 

In fact, the radiation power of Equation (19) is com- 
patible with radio emission of the Crab pulsar[35], which 
corresponds to a very small fraction (typically 1076 to 
1078) of the total energy loss. 

The relativistic pairs ejected from the reconnection site 
drift along the flux tube formed the open field lines in- 
voking curvature radiation, with a curvature radius of 
p~ Ric. Together with the frequency constraint of Equa- 
tion (16), the Lorentz factor of y ~ 300 and number 
density of charged particles, ne ~ 3 x 10?4m7% can be 
estimated. 

The reconnection of a plasmoid proceeds in a small vol- 
ume of Vrece ~ dbl ~ 1m? at the apex of the last closed 
field line, giving rise to a power of coherent curvature ra- 
diation, Pey ~ 1017W by Equation (17). Furthermore, to 
consist with observational power of radio emission of the 
Crab pulsar[35], Po» ~ 10?2W, a number of plasmoids of 
N ~ 10° need to be reconnected per second. Such a co- 
herent curvature emission provides a sample of coherent 
emission as shown in Equation (14), in which the num- 
ber of plasmoids and number of plasma in a plasmoid are 
concretely, N ~ 10° and Ne ~ 1074m73, respectively. 

The millisecond pulsar, PSR J0437-4715 (spin period 
P = 5.8ms), corresponds to a surface magnetic field of 
only B, © 6 x 104T, which is 4 order of magnitude less 
than that of the Crab pulsar. While simply change the 
pile up spins number to, Ns ~ 5 x 10? (also satisfying 
N,P ~ 1s), its pile up energy, power of curvature radi- 
ation and energy budget of Equation (18)-Equation (20) 
are almost identical that of the Crab pulsar. 

Consequently, similarities between the Crab pulsar and 
millisecond pulsars in radio emission which is difficult to 
understand in the context of polar cap models as well 
as magnetic reconnection at light cylinder magnetic, Bj. 
can be well interpreted by the dynamo process. 


B. PSR J0953+0755, frequency-width relation and 
PSR J0901-4046, the death line problem 


PSR J0953+0755 is a bright nonrecycled pulsar whose 
single-pulse fluence variability is reportedly large[36] . 
With period of P ~ 0.253s, a spindown age of 1.75 x 
10’ yr, the surface and light curve magnetic fields of this 
pulsar are B, ~ 2 x 10’T and Bı © 1 x 10~?T respec- 
tively. To achieve the critical magnetic field, Br ~ 10*T, 
a pile up time scale of r ~ NP ~ 10°s with N, ~ 10° 
pulsar spins are required. In the case of a Y-shaped cur- 
rent sheet length, Ly ~ 107?R,. ~ 1 x 10’m, width 
Ly ~ 10-3Ly, and thickness, Ls ~ 10~*Ly, the folding 


up magnetic energy is of Ey ~ 10°4J by substitution 
above parameters into Equation (18). 

Such a magnetic energy piled up of PSR J0953+0755 
can radiate at the observational power of radio 
emission[35], Pa ~ 10'°W, for a time interval of 
Ey/Psa ~ 10°s. Furthermore, with curvature radius 
p ~ Ric ~ 1 x 10°m, the constraint of Equation (16), 
requires a Lorentz factor of y ~ 900 and a number 
density of charged particles, ne ~ 1 x 10?4m7~°, which 
corresponds to a power of curvature radiation of PSR 
J0953+0755, Peay ~ 5 x 1012W. Therefore, in an pulse 
window of PSR J0953+0755 , it required to reconnect a 
number N ~ 10° plasmoids. 

The nanoshots as shown in Equation (9) and Equa- 
tion (10), reproduce AWs of GHz and beams in phase 
with the AWs. Such origin beams and AWs radiate and 
give rise to GHz emission while drifting along the flux 
tube formed by open field lines becoming wider and wider 
down stream. 

On the other hand, such GHz radiation scattered by 
plasma leftover by previous activities in the flux tube, re- 
sulting in two effects. Firstly, the GHz radiation transfers 
energy into the plasma invoking lower frequency emission 
at i.e., 10'—10?MHz; secondly the GHz photons gain en- 
ergy from relativistic plasma, resulting in 10! — 10?GHz 
radiation. 

This explains the frequency-width relation of the Crab 
pulsar, which shows a narrower and sharper pulse pro- 
file at 1.4GHz, while wider and more diffused profile at 
both lower frequencies, 10?MHz; and higher frequencies, 
4.7GHz[37]. In comparison, the width of pulse profiled 
of PSR J0953+0755 at 1.4GHz emission is roughly half 
of the 55MHz one[36], implying that only the first effect 
can work in the slow plasma of this normal pulsar, but 
not sufficient for the second one. As such low frequency 
radiation locates downstream closer to the Earth which 
arrives earlier, so that appearance of sad trombones in 
PSR J0953+0755 and the repeating FRB 20180916B [36] 
can be automatically interpreted. Correspondingly, both 
sad and happy trombones should occur in the Crab pul- 
sar [37]. 

PSR, J0901-4046 locates beyond the “death line” [2, 17], 
and exhibits quasi-periodicity and partial nulling[38]. 
Simply replacing the pile up time by T ~ N,P ~ 10!'s, 
its balance of energy budget and radiation properties re- 
semble those of PSR J0953+0755 also exhibiting partial 
nulling[39]. 


C. Nonlinearity 


The dissipation of Equation (20) does not alway pro- 
ceed in marginal stable state with normal emission, i.e., 
on some days PSR J0953+0755 exhibits a large number 
of giant pulses, there are other days when it enters nulling 
state with no detectable emission in the power spectrum 
or in the folded pulse data[39]. 

Interestingly, one of RRAT, neutron stars emitting 


sporadic radio bursts, RRAT J1913+1330, displays se- 
quential pulse trains during active phases with signifi- 
cant pulse variations in profile, fluence, flux, and width, 
as well as between adjacent sequential pulses[40]. 

And repeat FRB 121102 exhibits 1,652 independent 
bursts with a peak burst rate of 122 per hour, in 59.5 
hours spanning 47 days [41]. 

Such striking similarities indicate that normal pulsars, 
nulling pulsars, and FRBs share common mechanism, the 
nonlinearity occurring the dynamo process of the pulsar 
magnetosphere provides a simple and natural candidate. 
In fact, the nonlinearity in the interaction between global 
magnetic energy and local dissipation has been studied 
extensively in astronomical objects. 

A convenient approach is to investigate helicity density 
transport near the marginal state. When adding a small 
perturbation to the current sheet in the marginal state, 
the local current gradient will exceed the critical value, 
which leads to current sheet fragmentation or plasmoid 
formation[16, 42]. The evolution equation for magnetic 
helicity density is essentially based on the induction equa- 
tion of Equation (7), which takes the form of the Burg- 
ers equation[43]. In such a case, helicity density trans- 
port near the marginal state is intermittent and episodic. 
And some detailed analysis[16] shows that there are in- 
deed soliton-like solutions. 

The energy conservation as shown in Equation (20), 
can be simplified by energy accumulation of number Ns 
pulsar spins dissipating into giant pulses of number of, 
N,N, with fluence of giant pulse of Eg. 


N3(t)N(t)Ea(t) ~ C(t) (21) 


The marginal stable state corresponds to averaged val- 
ues of Equation (21), i.e., for Crab pulsar, N,(t) ~ 30, 
N(t) ~ 10°, and Eg(t) ~ 10*°K. In contrast, deviation 
from marginal state corresponds to time varying values 
of Equation (21) determined by nonlinearity of Equation 
(7), such that much brighter giant pulse, with fluence 
Eg > 10*°K resembling FRBs, can be achieved by dif- 
ferent combination of parameters of Equation (21). 

Likewise, normal pulsars and old pulsars, can either 
emit intermittent and episodic giant pulses mimicing 
RRATs; or much stronger giant pulses of fluence Eg > 
100K responsible for FRBs at the cost of much larger pile 
up spins, N,(¢) than that of young pulsars, which pro- 
vides an explanation to the repeating FRB 20200120E 
found in an M81 globular cluster/[44]. 

In summary the dynamo process in pulsar magneto- 
sphere can interpret coherent curvature radiation and 
intermittency of pulsars. Through centrifugal force the 
magnetic field can be amplified to the critical value, 
Br ~ 10*T, which results in local dissipation (the mag- 
netic reconnection) responsible for: theoretical problems, 
(1) pair production, (2) nanoshots, (3) CCE, (4) cir- 
cuit closure, (5) density cavity; and observational prob- 
lems, (a) character frequency of GHz, (b) correlation of 
frequency-pulse width and trombone, (c) OPM polariza- 
tion, (d) intermittency of pulsars and FRBs, (e) death 


line problem. 


Interestingly, phenomena (a-d) exhibited in PSR 
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